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The ability of several animal species to withstand anoxia can be
related to the developmental status of the brain at the time of the
anoxic assault (Fazekas et al., 1941). The brain is the organ most
sensitive to anoxia (Rabat, 1940). Muscle, on the other hand, behaves
facultatively and so can exist in an highly anaerobic environment.
Sources other than those of aerobic metabolism i.e. anaerobic
glycolysis must meet the minimal energy demands during period of
anoxia, hypoxia or ischemia.
Pregnant rats maintained in an atmosphere of 10% or 15%
oxygen (supplemented with CO2 and nitrogen) during the last 13-15 days
of gestation gave birth to pups with substantially lower body mass than
the pups of normoxic mothers. Their body mass was 60-70% of normal for
10% oxygen pups and 80-85% of normal for 15% oxygen pups.
In the hypoxic pups, the brain enzymes which control the glyco¬
lytic flux are much elevated over the normoxic pups. These brain en-
Z3nnes follow an increasing (positive) oscillatory path during the first
7-21 days of the animal's life.
This progressive increase in the key (controlling) glycolytic
enzymes is indicative of the ability of the developing brain to respond
to a hypoxic environment by maintaining excessively high anaerobic
glycolytic activity. The increase in lactate can then be handled by
the maternal system where heart and liver can metabolize lactate very
efficiently. We must remember however to compare the 7-21 day old rat
brain with the third trimester and neonatal human brain in terms of the
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Birth defects can be brought about through a variety of causes.
Genetic abnormalities or perinatal hypoxia (anoxia) rank high among the
common causes. The development of the central nervous system (CNS)»
particularly the brain, is our prime interest because of its lack of in¬
herent repairability as compared to other tissues in the body.
Collectively these birth injuries are denoted as Cerebral Palsy.
This includes all those conditions arising as a result of lesions within
the brain and which interfere with the control of the motor system. It
is obvious that the term included a great variety of conditions. Since
practically all expressions of human behavior are hinged upon the motor
system, any interference with these expressions, could theoretically be
included in the category of Cerebral Palsy. The term, however, is tra¬
ditionally limited to conditions which occur during the perinatal (pre¬
natal and neonatal) periods and does not include injuries to the spinal
cord, such as Spinal Bifida.
During the latter part of pregnancy and parturition the inter¬
ference with fetal and/or maternal respiration and circulation is a most
important cause of brain damage. Lack of oxygen supply to the fetus a-
rising from poor maternal blood supply such as would occur from hemor¬
rhage, anemia, placental disturbances or impairment of fetal circulation
from twisted umbilical cord are the common incidents which occur before
the onset of labor and which could lead to Cerebral Palsy. When the
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birth process is initiated dynamic factors arising from uterine contrac¬
tures, increased intracranial pressure from respiratory distress and
mechanical obstruction or trauma are responsible factors.
During the neonatal and infancy periods, respiratory and circula¬
tory difficulties commonly interfere with oxygen supply, although infec¬
tions, toxic and metabolic agents are frequent offenders.
While it is an understatement to say that perinatal hypoxia is an
important contributor to brain damage, it is recognized that the damage
is dependent upon the length and extent of the hypoxia and the develop¬
mental stage of the brain at the onset of the assault.
Many investigators have attempted to explain the greater resistance
of the neonatal rat to anoxia and elucidate the mechanism by which these
animals maintain life under these anoxic conditions.
Kabat et al., in 1940, noted the greater resistance of very young
animals to the arrest of the brain circulation. This resistance decreased
rapidly at first and then more slowly with advancing age. An unexpected
result was the observation that spinal shock did not occur in the very
young animals during arrest of the brain circulation as it did in adult
animals. The degree of shock produced in animals is less in the lower
species on the evolutionary scale. One might consider this another ex¬
ample of ontogeny recapitulating phylogeny. Viewed in this light, Kabat
states that the greater resistance of newborn animals to anoxia may be
considered an example of this fundamental biological principle, since
lower forms of animals are known to be more resistant to anoxia than
higher forms.
Attempts to elucidate the mechanism by which life is maintained
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in the newborn during anoxia were made by Himwich et al. in 1941. They
recorded the importance of carbohydrate as an anaerobic source of energy
for the young. They noted that the general increase of lactate in the
body was the result of anaerobic metabolism of carbohydrate in skeletal
and cardiac muscle, brain and the other organs with the probable excep¬
tion of the liver. THe injection of socium fluoride and iodoacetate, both
of which are inhibitors of glycolysis, reduced survival time of newborn in
nitrogen to that of the adult.
Analysis of cardiac tissue from newborn lambs suggested that the
concentration of carbohydrate in the heart may be important for survival
in anoxia (Dawes et al., 1959). A linear relationship was observed be¬
tween the cardiac carbohydrate concentration in asphyxiated animals and
their survival time in nitrogen at 24 C.
It must be recognized that the difference between the very young
and the adult animal are not confined to carbohydrate reserves. Others
have shown definite changes in the brain composition and metabolism with
age. However, the cardiac carbohydrate is the only known change which
exactly parallels the decrease in tolerance to anoxia.
Lowery et al. in 1964 showed that ischemia had a definite effect
on substrate and cofactors of the glycolytic pathway in the brain. In¬
creases in glycolytic rates of at least four to seven fold were detected
in ischemic mice. The changes in substrate concentrations show which
steps were facilitated to make this increase influx take place.
From all of the investigations, there are four factors which are
shown to play major roles in determining the CNS repsonse to hypoxia.
These are (1) the degree of developmental maturity of the nervous tissue.
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that is, the character of its metabolism, function and structure at the
time of exposure to hypoxia or anoxia, (2) the conditions of hypoxia,
such as curtailment of oxygen, nutrients, electrolytes and so forth, (3)
the intensity of hypoxia exemplified by oligemia (hypoxia) which more
or less reduces the circulation in the nervous tissue, and ischemia
(anoxia) in which the circulation is stopped, and (4) anatomical and
functional peculiarities of cerebral circulation.
Purpose of Our Research
The ability of mammals to undergo a transition from a highly
anaerobic existence to one dependent on oxygen is to us perhaps one of
the most intriguing facets of human development.
A comparative study of variation in sensitivity would show that
the neonatal guinea pig and human are more sensitive to oxygen depriva¬
tion than the neonatal rat. The human and guinea pig would show tremen¬
dous brain damage after ten minutes of anoxia, while the rat with its
less developed brain would survive four to five times longer with mini¬
mal or no identifiable brain damage.
By studying changing enzyme patterns during brain development we
approach this problem. Hexokinase, pyruvate kinase and phosphofructo-
kinase were chosen because of their known key control points in the gly¬
colytic pathway. Studies involving the glycolytic intermediates -
glucose, glucose-6-pho8pate, fructose 1,6-diphosphate, adenosine triphos
phate (ATP), adenosine diphosphate (ADP), lactate, pyruvate, and phospho
enol pyruvic acid are presently underway.
Because of the rat’s immaturity at birth, they were chosen as a
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model to elucidate some of the biochemical and physiological problems
surrounding asphyxia neonatorum and cerebral metabolism. Neonatal rats
are comparable in development to fetal humans.
The questions we have posed include: (1) Are there specific onto-
genic differences in the developing brain which predicts sensitivity to
oxygen deprivation? (2) Is there a particular chronology for the develop¬
ment of the brain's high reliance on oxidative metabolism rather than
anaerobic metabolism for survival? (3) Is there any biochemical or physio¬
logical manipulation that can be made to make the fetal development less
risky in terms of the mal effects of hypoxia or anoxia? (4) What is the
mechanism for the anaerobic-aerobic transition in the developing brain?
In our quest for the answers to these questions we have repeated some of
the earlier experiments by subjecting rats to chronic hypoxia, hoping to
find systems designed to control cerebral energy metabolism.
CHAPTER II
REVIEW OF LITERATURE
The comparatively longer survival time of the neonate during
asphyxiation was observed by Herman Rabat in 1940. The effects of
arrest of the cephalic circulation by inserting a cervical pressure cuff
were studied in 42 dogs ranging in age from 8-141 days. The animals
varied in weight, sex and breed. Littermates were also studied.
The brain of the young animals were found to be much more resis¬
tant to the circulatory arrest than the adult animals. The resistance
diminished rapidly at first and then more slowly with advancing age.
This was demonstrated by quantitative studies of survival time, recovery
time and revival time after temporary complete cephalic circulatory ar¬
rest .
The ability of the neonatal brain to resist circulatory arrest is
also dependent upon circulatory factors. Basal metabolism (BMR) per unit
body weight of the neonate was found to be greater than the adult. How¬
ever, the BMR per unit body surface area was smaller in the neonate than
in the adult. The ability of the neonate to achieve complete functional
recovery was approximately 400% greater than the adult. The resistance
of the neonatal respiratory centers was 1700% greater than the adult as
indicated by survival time.
In littermates (males of identical size, color and weight) of
different ages the cephalic circulatory arrest was made at age 27 and
124 days. The pup of 27 days was subjected to a period of arrest for
12 minutes. The pup of 124 days was subjected to a period of arrest
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for 6 minutes. After awaking, the 27 day old could stand and walk but
fell frequently. The animal was entirely normal except for slight ataxia
which soon disappeared. The 124 day old had very dim consciousness of
his surroundings. He was unable to stand or walk. He regained full con¬
sciousness at about the fifth day. However, he could not walk or stand
after a week because of severe ataxia. The ataxia symptoms dissappeared
a month after the cephalic arrest. Both animals continued to live and
could not be distinguished from a normal animal.
A year later, J.F. Fazekas et al. (1941) observed that the tolerance
of the neonate to anoxia is directly related to the physiological maturity
of the animal. Adults and infants of the following species were studied:
rat, rabbit, cat, dog and guinea pig. Each animal was tested in various
gases (carbon dioxide, nitrogen, helium, nitrous oxide, cyclopropane) and
submersion in water. Rats being one of the most immature animals at birth,
tolerated anaerobic conditions for far greater lengths of time.
It was revealed that the maturity of the animal is not the only
factor permitting survival during anoxia. When the temperature was 24 C,
the body metabolism was slowed and thereby diminishing metabolic demands.
This slow rate appears to be adequate to support the lower metabolic de¬
mands of the neonate brain for considerable periods of time. The lower
cerebral rate of the infant can explain the prolonged survival time, only
in part, since the metabolic rate remains low while tolerance to anoxia
rapidly decreases.
Harold E. Himwich et al. (1942) described the mechanism for the
maintenance of life in the neonate during anoxia. The well established
notion that the process of glycolysis may afford energy via the anaerobic
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breakdown of carbohydrate was the subject of this paper. This anaerobic
breakdown of carbohydrate occurs in a series of steps, as outlined brief¬
ly below;
glucose glucose-6-phosphate ———fructose 6-phos-
phate 1 triose phosphates ——phosphoglyceric
acid —I ^ pyruvate n. ■—n —lactate
As in some previous experiments animals were tested in nitrogen
gas. lodoacetate and sodium flouride, which are known inhibitors of gly¬
colysis, were injected subcutaneously. Insulin and glucose were:injected
intraperitoneally to alter carbohydrate levels and blood sugar levels.
The lactate content of the whole animal and the brain were measured be¬
fore and after the anoxic assault. To arrest glycolysis the whole body
or the isolated head of the animal was rapidly frozen in dry ice and
ether.
The results of these experiments emphasized the importance of
carbohydrate as an anaerobic source of energy for the neonate under anoxic
conditions. An increase in carbohydrate stores, due to the glucose in¬
jections, permitted longer than normal survival in nitrogen while a de¬
crease had opposite effects. Sodium flouride and iodoacetate concentra¬
tions adequate to inhibit glycolysis, shortened the survival period when
neonates were placed in a nitrogen atmosphere.
S.W. Britton and R.F. Kline (1945) noted that there are certain
factors which contribute to the ability of an animal to tolerate anoxia.
Age, sex, species and environmental temperature are important factors in
the resistance of low barometric pressures. Resistance to anoxia is
relatively high in fetuses, infants and females. Resistance is also
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facilitated in low temperatures, during low metabolism, thiourea or after
a thyroidectomy, glucose treatment, carbohydrate feeding, cortical ex¬
tract injection, 002/0^ pre-breathing. Resistance to anoxia is relative¬
ly low in adult animals and males. In high air temperatures, during high
metabolism, after thyroxin injection, hyperinsulinism or after adrenalec¬
tomy resistance is also low.
Although the data strongly indicated that while other factors are
involved, the adrenal cortex aided greatly in extending life under anoxic
conditions.
In 1954, Swann et al. studied the interrelation of respiratory and
cardiovascular behavior during the death process in newborn pups. In the
case of the fetus and newborn their reactions to anoxia with respect to
heart rate and breathing were known, however, the simultaneous measurement
of these two contingencies during the death process were not known. These
data were of interest because of the commonness of asphyxia neonatorum as
a major medical problem.
Pups aged 3-4 days were used in all experiments. The pups were
made anoxic by running pure nitrogen through a mask, 9 cm long and 4.5 cm
in diameter. The mask was placed over their heads avoiding any other
interference with the pup's breathing. Nitrogen of high purity (99.99%)
was used. The respiratory rates were recorded by direct observation or
by recording the pressure flucuations inside the head mask. The blood
pressure was recorded with an isometric Bourdon-tube manomether. Because
of the high sensitivity of the manometer, the rapidity of responses to
the system were reduced. Therefore, the systolic pressures were low.
A pronounced bradycardia and hypotension resulted, with blood
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pressures declining to about 23/18 at 10 minutes and 11/8 at 20 minutes.
The fall in blood pressure was a reflection of a decreased cardiac out¬
put. The anoxic pups were resuscitated readily even when the blood pres¬
sure had fallen to 8/6. Breathing slowed to about one-tenth the normal
rate immediately after the induction of anoxia and slowly tapered off to
cease at about 20 minutes. Circulation stopped some 5 or 10 minutes after
respiratory arrest. The slow respiratory rate resulted in the accumula¬
tion of much carbon dioxide which finally rose to 100-150 millimeters of
mercury (Hg). Blood acidities were found to be at pH 6.6. The acidosis
was due not only to a carbon dioxide excess because of the low respiratory
rate, but also very probably caused by the accumulation of the organic
acids, lactate and pyruvate.
The results of a neurological sequelae pretaining to experimental
anoxia in newborn dogs were published in 1957 by Cassin and Fregly,
Newborn pups were subjected to a pure nitrogen environment for
times varying 11-81 minutes. Artificial respiration was initiated in
5-12 minutes after the last breath occurred.
All anoxic animals demonstrated some degress of central nervous
system insult lasting 5-48 hr. Failure to suckle, opisthotonous, hind
limb flexion and hypoesthesia were frequently noted. However, 1-6 months
after the anoxic assault no gross motor or behavioral abnormalities were
noticed.
Dawes et al., in 1959, noted the importance of cardiac glycogen
for the maintenance of life in fetal lambs and newborn animals during
anoxia.
Observations were made on lambs 59-61 days gestation age, 71-91
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days gestation age and 121-146 days gestation age. The fetuses were de¬
livered by Caesarean section. The lambs were asphyxiated by ligating the
umbilical cord. The ability of the fetal lamb to survive anoxia was
measured by recording fetal blood pressures and heart rates before and
after the asphyxiation.
In lambs 59-61 days gestation age cardiovascular changes were
followed for 45-60 minutes. The initial blood pressures before asphyxia¬
tion were the lowest of all groups. On tying the cord, the rise of blood
pressure was less pronounced. Because of the small size of the lambs
(60-80 g), these experiments were very limited and no further studies
were undertaken on lambs of this gestation age.
Lambs of 71-91 days gestation age showed an immediate rise in
blood pressures when the umbilical cord was tied. After half a minute
the blood pressures fell slightly, and then rose again reaching a peak
in 2-3 minutes. The pressures fell quite rapidly to the pre-asphyxial
level in 8-10 minutes after tying the cord. For the next 40-50 minutes
the blood pressures showed a further decline and minor fluctuations.
In contrast, when the cord is tied the heart rates fell almost at once
from 200 or more beats per minute to less than 100 beats per minute.
When the blood pressures had fallen to below 20 millimeters Hg the heart
rates became irregular and accompanied by short periods of tachycardia
and extrasystoles.
Observations on lambs 121-146 days gestation age showed initial
blood pressures higher than that of younger lambs. VThen the cord was tied
there was an immediate rise in pressures exceeding 20 millimeters Hg.
This was of very short duration. Pressures did return to their initial
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levels. The changes in heart rates were similar to that of the younger
lambs. However, in lambs 121-146 days gestation age the heart rates fell
below 50 beats per minute within 13 minutes as compared with 39 minutes
in lambs 71-91 days gestation age.
The results showed that fetal lambs 71-91 days gestation age can
survive in the absence of oxygen longer than lambs 121-146 days gestation
age. These observations confirm in another species, that very young
animals are better adapted to withstand anoxia than adults. In an ani¬
mal which is relatively mature at birth the adaptability to anoxia is
lost during the latter half of gestation.
Rough calculations of total carbohydrate loss and lactate pro¬
duction, based on organ weights or total body weights, showed that all
the lactate produced could be accounted for in terms of carbohydrate
loss, but the majority of the lactate must have been formed from carbo¬
hydrate originating in the heart. The heart is the only tissue actively
involved in regular, mechanical work during asphyxia despite its small
size. Energy requirements of the heart are higher per unit weight than
other tissues during anoxia. The heart converts its carbohydrate re¬
serve to lactate which rapidly diffuses into the blood. This accounts
for the increase in blood lactate during asphyxia.
The decrease in cardiac carbohydrate described by Dawes is the
only known change which parallels the decrease in tolerance to anoxia.
In 1960, Stafford and Weatherall reported the experiments de¬
signed to investigate the importance of glycogen in heart of the neonate
rat for survival in nitrogen and the attempts to define more clearly the
factors determining anaerobic survival of neonates. Their work evolved
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from that of Dawes et al. (1959).
Rats of either sex and 0-18 days were used. They were placed
in a double-walled glass tube with a thermostatically controlled bath
(31-33 C). Humidified air or nitrogen passed through the tube.
During the exposure of the neonates to nitrogen, the heart carbo¬
hydrate was almost depleted, liver carbohydrate was reduced, and skin,
muscle and lung carbohydrate were slightly decreased. Increase in
blood glucose was related to the concentration in the liver. Loss in
liver and heart carbohydrate during exposure of neonates to nitrogen
accounted for 72% of the lactate produced.
Heart carbohydrate and survival time in nitrogen decreased con¬
sistently between 0-16 days of age.
These experiments support the work of Dawes et al. (1959) which
theorizes that heart carbohydrate levels and survival in anoxia may be
causally connected, i.e. the termination of respiration due to failure
of circulation to brain, respiratory muscles and their nerves.
It should be emphasized that these investigations do not exclude
the contributions of other variables in sustaining life under anaerobic
conditions.
Lowery et al. (1964) studied the effect of ischemia on known
substrates and cofactors of the glycolytic pathway in mouse brain. The
substrates and cofactors measured account for all known significant
sources of energy available to the brain after its blood supply is im¬
peded .
Glucose, ATP, phosphocreatinine, dihydroxyacetone phosphate,
fructose 1,6-diphosphate, 3-diphosphoglyceric acid, pyruvate, . / <
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phosphoenol pyruvic acid, 2-phosphoglycerate, ADP, AMP, creatinine,
alpha-glycerol phosphate, lactate and glucose-6-pho8phate were measured.
The white mice used were either young adult males (18-22 g) or
10 day old animals of both sexes. The animals were decapitated and fro¬
zen.
Restrictions on the brain blood supply converted the brain into a
closed biological system and limited the chemical events which occur
anaerobically. The major sources of energy were ATP, phosphocreatinine,
glucose and glycogen.
Ischemia resulted in an increase in glycolytic rates of at least
4-7 fold in the experimental mice. The inception of increased glycolytic
rates was characterized by decreases in glucose, glucose-6-phosphate and
fructose-6-phosphate, and by an increase of all substrates from fructose
1,6-diphosphate to lactate.
. The effects of hypoxia on body weight, body water and on hematolo¬
gical values in mice was published in 1970 by Lail et al. Two hundred
and thirty-three female mice of the strain C3H/HeJ were used. Oxygen
levels were lowered to 7%. The animals were placed in cages covered with
silicone rubber membranes. The mice were weighed prior to exposure.
Thereafter, body weights, amount of food and water consumed were measured
three times weekly.
The hematocrit, reticulocyte count, blood volume, plasma volume,
red cell mass and percent body water were determined for each mouse.
Hematocrite and reticulocyte percentages were obtained by standard methods.
The blood volume was measured bythe^^Cr isotope dilution technique. The
mice exposed to hypoxia ate less food and consumed less water than the
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mice kept at normal oxygen levels. The enclosed mice had slight weight
loss during the first week (9% within the first 2 days), began to gain
weight at an increased rate during the second week and gained even more
weight during the third week when returned to normal oxygen levels.
At the end of the third week the mean level was about 10% below that of
the control animals. Body weight of enclosed mice was considerably less
than controls for days 2-21. Body water percentages did not show a de¬
crease.
The hematocrit values increased significantly during the period of
hypoxia, reaching a mean of 73.1^0.7%. The reticulocyte percentages in¬
creased six fold during the first week of hypoxia, decreased 5% during
the second week and fell very low when the animals returned to normal
oxygen levels. The red cell mass, plasma volume and blood volumes were
determined. Red cell mass more than doubled during the hypoxic period.
The total blood volumes paralleled the red cell values. The plasma volumes
were slightly decreased when compared to controls. Hypoxic mice lose
weight in the period in which they are becoming polycythemic.
In an abstract presented by Moore et al. (1973), the effects of
anoxia on hexokinase, pyruvate kinase and phosphofructokinase and mito¬
chondria were studied in neonatal rats. It was found that hexokinase and
phosphofructokinase activity slightly decreased* Mitochondria function
of the entire brain lost its respiratory control (RCR) after 30 minutes
of anoxia. The RCR values dropped from 2.6-2.9 to 1.95-2.0. Similar
results were obtained with isolated mitochondria.
In 1978, Ronald Ifyers studied the influence lactate had on the
brain of monkeys of all developmental stages, i.e. brain edema and
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cerebral necrosis resulting from oxygen deprivation. His studies demon¬
strated that once an oxygen deficiency developed of a magnitude to impair
citric acid cycle activity, lactate accumulates leading to widespread de¬
struction of brain tissue. Lactate accumulation in excess of 25 Aimoles
per gram led to changes in membrane physiologic properties such as break¬
down of blood-brain barrier and shifts of fluid into the intracellular
compartment leading to tissue edema. The results with monkey fetuses in¬
dicate that similar mechanisms operate with respect to the pregnant ani¬
mal's carbohydrate state and the development of brain pathology in its




Wistar rats, 13-15 days pregnant upon arrival, were purchased
from Charles River Breeding Laboratory (Wilmington, Massachusetts) and
Hilltop Laboratory Animals, Incorporated (Scottsdale, Pennsylvania).
Certified gas mixtures were purchased from Specialty Gases^ Incorpora¬
ted (Norcross, Georgia). The mixtures were of two types: (1) 10% oxy¬
gen supplemented with 0.03% carbon dioxide and 89.9% nitrogen and (2)
15% oxygen supplemented with 0.03% carbon dioxide and 84.97% nitrogen.
Hypobaric chambers were constructed of plexiglass purchased from
Commercial Plastics (Atlanta, Georgia). Hexokinase, magnesium chloride
(MgGl2)» adenosine triphosphate (ATP), adenosine diphosphate (ADP), glu¬
cose, glucose 6-phosphate dehydrogenase, nicotinamide adenine dinucleo¬
tide phosphate (NADP^), the reduced form of nicotinamide adenine dinucleo¬
tide (NADH), imidazole, potassium chloride (KCl), magnesium sulfate
(MgSO^), phosphoenol pyruvic acid, lactate dehydrogenase (LDH), pyruvate
kinase, trizma base, fructose 6-phosphate, mercaptoethanol, phosphofructo-
kinase, adolase, triose phosphate isomerase, glycerophosphate dehydrogenase
and bovine serum albumin were purchased from Sigma Chemical Company (St.
Louis, Missouri).
Animal Care and Diet
In the control experiments, pregnant rats were maintained on Rat
Chow pellets from Ralston Purind Company. Regular tap water was used for
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drinking. All rats were housed in individual plastic cages with wood
shavings as bedding. All cages were cleaned twice weekly. At birth all
pups were counted and the ntmber of pups per litter recorded. Starting
with the first day of birth, at least two pups were killed by decapitation
for enzymic analysis of the brain.
In the 10% and 15% experiments, rats were also maintained on
Purina Chow pellets and regular tap water. Each group was kept and treat¬
ed in an airtight, plexiglass, hypobaric chamber housing one rat per cham¬
ber with wood shavings as bedding. Chambers were cleaned twice weekly.
Also, at birth all pups were counted and the number of pups per litter
recorded. The pups were sacrificed by decapitation for enzymic analysis
of the brain.
Tissue Preparation
At the indicated postnatal ages (1-21 days), pups of the specified
groups were chosen for samples. The animals were weighed and killed by
decapitation. The brain was immediately removed and placed in 0.3M su¬
crose.
For the hexokinase, pyruvate kinase and the phosphofructokinase
assays, the brain was prepared as follows under the tutelage of Dr. Cyril
L. Moore. The brain was minced in 5 ml of cold 0.03M sucrose and homo¬
genized in a 5 ml Potter-Elvehjem homogenizer fitted with a Teflon pestle.
The tissue preparations were used for the assays within 2 hr after death
of the animal. The whole homogenate constantly remained on ice.
Hexokinase Assay
The change in absorbance was followed at 340 nm in 0.05 Tris
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phosphate buffer at pH 7.2. The reaction mixture also contained O.IM
0.05M ATP, excess glucose 6-phosphate dehydrogenase and 0.5M
glucose. The reaction was initiated by the addition of the whole homo¬
genate sample (5 4il) and NADP^. This assay and all others were measured
at a volume of 1 ml in the Beckman Ifodel 35 Spectrophotometer. The en¬
zyme hexokinase catalyzes the following reaction:
Glucose + ATP ► Glucose 6-phosphate + ADP
Pyruvate Kinase Assay
The reaction velocity was determined in a coupled assay system as
the decrease in absorbance at 340 nm due to the oxidation of NADH. The
reaction mixture contained 0.05H imidazole buffer at pH 7.6, ADP (20 mg/
ml water), phosphoenol pyruvic acid (5 mg/ml water), NADH (5 mg/ml water),
lactate dehydrogenase (0.3-0.5 units per test) and the whole homogenate
sample of 5 Ail. The reaction catalyzed is as follows:
Phosphoenol pyruvic acid + ADP ►pyruvate + ATP
Pyruvate + NADH + H^ ► lactate + nicotina¬
mide dinucleotide (NAD^)
Phosphofructokinase Assay
The opital density at 340 nm was continuously recorded against a
water blank. The reaction mixture contained 33 mM Tris hydrochloride at
pH 8.0, 2 mM fructose 6-phosphate, 2 mM ATP, 2 mM MgSO^, 6.6 mM mercapto-
ethanol and an auxilliary enzyme solution. Auxilliary enzyme solution
was prepared by mixing aldolase (10 mg/ml), triose phosphate isomerase
(10 mg/ml), and glycerophosphate dehydrogenase (10 mg/ml) with O.OIM
20
Tris hydrochloride, pH 8.0 containing 2 mg of Bovine serum albvunin. This
solution is stable for at least one week at 4 C. The reaction was initi¬
ated by adding 5 ul of the whole homogenate sample and 0.16 mM NADP^.
The reaction catalyzed is as follows:




Although neonates are the primary subject of this thesis, some
interesting behavioral responses were seen in the mothers exposed to
10% oxygen mixtures (10% mothers) and the mothers exposed to 15% oxy¬
gen (15% mothers).
Gestation lasted 21-26 days in the animals exposed to hypoxia.
In the normoxic animals gestation lasted 21-22 days.
A total of 96 mothers (4 per month) over a period of 2 years were
used in these experiments. Two animals per month were exposed to 10% oxy¬
gen mixtures and 2 animals per month were exposed to 15% oxygen mixtures.
The 10% mothers were very sluggish and canabalistic. Only one
litter of offspring survived the 10% treatments. However, this litter
did not live beyond 48 hr because they were eaten by the mother. The
other mothers died 2-4 days after exposure to hypoxia. Some mothers
had nose bleeds throughout the 2-4 day exposure period.
The only mother to successfully give birth hemorrhaged profusely
post partum. She delivered 13 pups and retained 7 pups utero. The
umbilical cord was not removed from any of the surviving pups. The 7
undelivered pups were removed by attaching a cord to a partially exposed
fetus by gently pulling on the cord. After a recovery period of about
5 hr, the rat was returned to the hypobaric chamber. All pups were
eaten within a 12 hr period.
All the 15% mothers were also sluggish. Canabalism only occurred
21
22
in 25% of the 15% mothers. The pups were either eaten after all neonates
had been delivered or one at a time as they were presented. In another
25% of the treatments all pups were stillborn. Half of the mothers gave
birth to litters having 8-13 pups per litter. This number is comparable
to normal litters. Hypoxic mothers groomed and nursed their pups in the
same manner as the normoxic mothers. In one case, however, the mother
did not produce any significant amount of milk after the third postnatal
day.
When 10% mothers were used as surrogates for 15% pups, the 10%
pups were eaten but the 15% pups were not. On the other hand, when 15%
mothers were used as surrogates for 10% pups, none of them were eaten.
Canabalism is quite prevalent in rodents when weak or deformed animals
are born. Normal surrogate mothers ate the 15% pups immediately if the
mother was not removed from the cage during the transfer. If the mother
did not see the pups being transferred to her cage, the pups were not
eaten and were treated as her own.
Hypoxic mothers with 12 hr of daylight and 12 hr of darkness
cared for their young much better than mothers constantly exposed to
light (artificial or natural).
Although the 10% neonates did not survive for more than 48 hr be¬
fore being devoured by the mother, their birth weights (4.24-4.31 g)
were 60-70% of normoxic (6.27-6.30 g) and 80-85% that of the 15% neonates
(5.23-5.35) as seen in Table 1. The brain weight after 24 hr post-
natally was 30% of the normoxic brain and 40% that of the 15% neonates.
The survival of the 10% neonates was not conducive to data col¬
lection. It must be said that neither their natural nor surrogate
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Table 1. Average total body weights for normoxic pups, 15% oxygen
experimental pups and 10% oxygen experimental pups.
Age in days Normoxic 15% oxygen 10% oxygen
1 6.27 5.35 4.24











mothers would take care of these extremely weak animals and so they
never lived through the third postnatal day.
The 15% neonatal rats survived as long as the fifteenth postnatal
day, but not beyond. Although the 15% neonates appeared quite normal at
birth, they weighed 10-20% less than their normoxic counterparts as shown
in Table 1. The 15% neonatal brain weighed on the average 85% of their
normoxic counterparts (Table 2).
The growth pattern (in terms of weight) of the 15% animals is com¬
pared to the normoxic animal in Fig. 1. The normoxic neonatal animals
followed a linear growth pattern and attained a weight of 49.6jf0.8 g at
21 days. In contrast the growth pattern of the 15% neonates was some¬
what oscillatory with a 48 hr peak to reach. It might very well be that
the normoxic animals also follow an oscillatory growth pattern, but it
is not obvious since their upward slope is quite obvious (Fig. 1).
Biochemical analysis demonstrated very specific differences be¬
tween the normoxic pups and 15% oxygen experimental pups. The activi¬
ties of hexokinase, pyruvate kinase and phosphofructokinase were substan¬
tially higher in the 15% oxygen experimental pups (Figs. 3,4,5). The
hypoxic pups appeared to be the same size at birth as the normoxic pups
(Fig. 6). At day 3, weight loss was very noticeable (Fig. 7). The
animals had a blue (Cyanotic) tint and wrinkled skin (Figs. 8,9,10).
The hypoxic pups resembled an elderly human in this respect. Hair could
be seen on postnatal day 3 in the normoxic pups, however, hair growth
was retarded in the hypoxic pups and could not be seen until day 7 (Figs.
7 and 9).
The results of the blood levels shows that the erythrocyte count
of the normoxic pups was 45% while the erythrocyte count of the 15%
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Table 2. Brain weights for normoxic pups, 15% oxygen experimental pups
and 10% oxygen experimental pups.
Age in days Normoxic 15% oxygen 10% oxygen
1 0.23 0.20 0.08










Figure I. Growth curve for normoxic pups ( X ) *5% oxygen experimen¬
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Figure 2. Percent of normal brain weight values for 10% experimen¬
tal pups (H) and 15% experimental pups <F3).
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Figure 3. Hexokinase activity for normoxic pups ( 0 ) and 15% oxygen
experimental pups ( X )• These results are expressed in
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Figure 4. Pyruvate kinase activity for normoxic pups ( 0 ) and 15%
oxygen experimental pups ( X )* lliasa results are expressed




Figure 5# Phosphofructokinase activity for normoxic pups ( X ) and 15%
oxygen experimental pups ( 0 )• These results are expressed







Figure 6. Normoxic pup and 15% oxygen experimental pup, 1 day old.
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Figure 7. Normoxic pup and 15% oxygen experimental pup, 3 days old.
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Figure 8. Normoxic pup and 15% oxygen experimental pup, 5 days old.
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Figure 9* Normoxic pup and 15% oxygen experimental pup, 7 days old.
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Figure 10. Normoxic pup and 15% oxygen experimental pup, 9 days old.
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oxygen experimental pups was 60%.
CHAPTER V
DISCUSSION
In our experiments Wistar rats 13-15 days into gestation were
exposed to 10% oxygen mixtures and 15% oxygen mixtures in an attempt
to evaluate the effect of chronic hypoxia on the glycolytic enzymes
(hexokinase, pyruvate kinase and phosphofructokinase) in the brain of
neonates. Only one litter survived the 10% oxygen exposures but did
not live beyond 48 hr because of canabalism. In the other experiments
the 10% mothers died. We believe the death of these mothers was due
to failure to acclimatize. All subsequent attempts were then directed
to the 15% oxygen experiments.
The data presented show the effect of chronic hypoxia on the
survival and development of the pups and on the levels of the three
enzymes evaluated. When neonates were exposed to the hypobaric oxy¬
gen and compared to normoxic animals, there was a decrease in total
body weight. The weight diminution was followed by death at about day
15. The 10% oxygen experimental neonates were 6070% of the normal at
birth while the 15% oxygen experimental neonates were 80-85% of the
normal at birth (Fig. 1 and Table 1). The 15% oxygen experimental neo¬
nates were approximately the same size as the normals until the third
postnatal day, then a decrease in weight and a leveling off of weight
at about 7.0 g was seen.
Although man and other animals exposed to hypoxia are known to
lose weight, only a few studies of weight changes in rodents under
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similar conditions have been reported. According to Lail et al. (1970),
mice enclosed in cages covered with silicone rubber membranes and ex¬
posed to hypoxia had a slight weight loss during the first week and be¬
gan to gain weight during the second week. Our experiments showed the
opposite effects (Table 1). Since during this period 20% of the body
water content was lost, and this accounted for 94% of the reduction in
body weight (Lail et al., 1970), we suspect weight loss was due to de¬
hydration.
Brain weights of the 10% oxygen experimental neonates were 35%
of normal. The 15% oxygen experimental neonates brain weights ranged
from 32-100% of normal from birth to 21 days old (Table 2).
The rates of enzyme activity were significantly higher than
normal for all three enzymes evaluated (Figs. 3,4,5). All enzyme
levels showed sharp increases between days 3 and 4. Hexokinase increased
7-fold, pyruvate kinase increased 4-fold and phosphofructokinase in¬
creased 20-fold. We refer to these increases as adaptive responses to
the hypoxic assaults. After the adaptive response a leveling off oc¬
curred between days 5 and 7. The leveling off followed an oscillatory
pattern similar to the normal. We believe this oscillation occurs be¬
cause it is during the suckling period (birth-20 days) that the ner¬
vous tissue undergoes anatomic neuro-integrative and regulatory (molecu¬
lar) maturation. The phylogenetically older parts of the brain reach
maturity first. These parts of the brain are suited for existence in an
anaerobic environment. Prosencephalon development occurs after birth
in the rodent. These areas are aerobically dependent. Therefore, the
oscillation most likely marks the passage of the brain from an oxygen
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independent existence to an oxygen dependent existence.
The enzymes of the anaerobic glycolytic pathway (Embden-Meyerhof)
include three enz3nnes that are controlled by the citric acid cycle and
oxidative phosphorylation. Brain hexokinase i^ 85-90% compartmentalized
within the mitochondria inner membrane and 10-15% in the cytosol (Moore
and Strieker, 1963). The activity of this enzyme in the cytosol is con¬
trolled by the levels of glucose 6-phosphate and oxygen. When the levels
of glucose 6-phosphate are high and oxygen tension is low the bound
hexokinase is released into the cytosol with as much as 40% increase in
the cytosolic enzyme (Moore et al., 1970). This increase was shown not
to be related to ^ novo synthesis of the enzyme since the increase was
not inhibited vitro (brain homogenates) by inhibitors or protein syn¬
thesis.
Brain phosphofructokinase activity is decrease allosterically by
increased levels of ATP and intermediates of the citric acid cycle. It
is also allosterically activated (positively modified) by increasing
levels of ADP and AMP and fructose 6-phosphate. Thus, when the aerobic
system is functioning adequately and the ATP levels are high, the need
for high glycolytic flux is low, however, when the ATP is low, i.e.
AMP and ADP are high, the enzyme activity is high. When the brain sys¬
tem is not quite geared to carry out these modifications, it is very
exciting to find, as we have, that hexokinase, phosphofructokinase and
pyruvate kinase increase in quantity substantially. The fact that hexo¬
kinase did not increase as much as phosphofructokinase is important in
that the tissue under hypoxic conditions needs to trap as much glucose
as possible. It does this by: (1) increasing the ability to convert
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glucose to glucose 6-phosphate; (2) increased glucose 6-phosphate leads
to increase in fructose 6-phosphate; (3) increase fructose 6-phosphate
leads to an increase in phosphofructokinase activity; (4) hexokinase
which is normally bound to the mitochondria can be released ^ vivo by
elevated glucose 6-phosphate and decreased oxygen and (5) it would re¬
quire a smaller increase in the amount of hexokinase to substantially in¬
crease the net flux of glycolysis.
When one examines the increase in pyruvate kinase, one sees that
there is a 4-fold increase in total activity. This is smaller than the
20-fold increase seen with phosphofructokinase. Pyruvate kinase is
positively modified by the same intermediates as phosphofructokinase,
so one is assured a high pyruvate kinase activity. The favorable for¬
mation of lactate is predictable based on the lactate dehydrogenase
reaction. The decrease in oxidative metabolism brought about by the
hypoxic condition is conductive to decrease oxidation of pyruvate and
thus increase lactate production.
Data on blood levels showed that hematocrit values increased
significantly during the period of hypoxia, reaching 60% in the experi¬
mental neonates around postnatal day 6. Normal values were 45%. No
significant red blood cell (RBC) increases were noted prior to the sixth
postnatal day. This secondary polycythemia is a well documented phenomeno¬
logical response to hypoxia. Erythropoietin forms almost immediately
upon placing an animal in a low oxygen environment. The maximum rate
of RBC production is reached after the fifth postnatal day. Thereafter,
the polycythemia persists as long as the animal remains in the low
oxygen environment. Any condition that causes the quantity of oxygen
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transported to the tissues to decrease, automatically increases the rate
of RBC production. Therefore, it is obvious that it is not the concen¬
tration of the RBC in the blood that controls the rate of red cell pro¬
duction, but instead it is the functional ability of the cells to trans¬
port oxygen to the tissues in relation to the tissue demand for oxygen.
Polycythemia occurs at about the same time as the body weight loss. How¬
ever, these two conditions are not causally connected.
CHAPTER VI
SUMMARY AND CONCLUSION
The neonatal rat was used to study the effects of chronic hypoxia
because of the commoness of hypoxic (anoxic) death, expecially in new¬
borns. In addition to being fatal, cerebral degeneration and growth re¬
tardation occurs in humans. Exposure to hypoxia facilitated the evalu¬
ation of three glycolytic enzymes in the neonate brain. The three en-
Z3nnes, hexokinase, pyruvate kinase and phosphofructokinase, were measured
because they are known as controlling points of glycolysis.
We have found that during the last 13-15 days of gestation when
rats are maintained in an atmosphere of 10% or 15% oxygen (supplemented
with CO2 and nitrogen), there is a substantial decrease in the total
body mass of the neonates when compared to normoxic animals. Hypoxic
values for brain glycolytic enzymes show a definitive increase in an
oscillatory pattern during the first 7-21 days of the animals life.
The enzjme most directly affected is phosphofructokinase. This
enzyme increases 20-fold when compared to normoxic values. This is
noteworthy because phosphofructokinase is regarded as a key site for
metabolic control and for the regulation of the flux of glycolysis.
Hexokinase activity is increased 7-fold, This is of importance because
the enzyme initiates glucose utilization. Pyruvate kinase increases
4-fold and co-ordinates with the other enzymes of the glycolytic route
and anaerobically this the route that is used for the maintenance of
life.
In the neonatal animal, these alterations of enzymes indicate
42
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that the developing brain must be able to function under highly anaero¬
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